Abstract. An extended heat wave condition affected Pune (18. 
Introduction
Heat wave is a well known surface meteorological phenomenon that constitutes an abnormally hot weather for a substantial duration. This phenomenon belongs to the atmosphere's synoptic scale circulation. Heat wave is one of the hazardous weather conditions in the pre-monsoon season (March-May) and early part of South West monsoon season (June-September) over the Indian subcontinent. In USA, the Weather Channel uses a criterion to specify a heat wave condition which includes a minimum of ten States with maximum temperature greater than 32 • C and the temperatures must be at least five degrees above normal in parts of that area for at least two or more days. The favorable factors for heat wave conditions to occur over a particular region are a large region of warm dry air prevailing in the surrounding of that region and appropriate flow pattern for transporting hot air into the region, absence of moisture over a depth of atmospheric column, and large amplitude anti cyclonic flow in the vertical levels above the place (Chaudhury et al., 2000) . Black et al. (2004) have discussed the factors contributing to the summer 2003 European heat wave by examining the large-scale atmospheric flow and the regional heat budget from ECMWF analyses and measurements of the surface energy budget at Reading, UK. They related the extreme temperatures and lack of precipitation in Europe from May to August 2003 to persistent anti cyclonic conditions throughout the period. Grazzini et al. (2003) have also discussed the European 2003 heat wave in a more quantitative way. Balafoutis and Makrogiannis (2001) have analyzed a heat wave phenomenon over Greece during August 1999 mainly from synoptic point of view and examined its implications on tourism and recreation. Their study showed that large scale downward vertical velocities (maximum value +4 hPa/h) dominated over central Mediterranean and Balkan Peninsula which resulted in warmer advection because of adiabatic heating, giving rise to the observed intense temperature increase at the surface and the absolute stability in the troposphere. Rodwell and Hoskins (2001) showed that in the tropics, the predominant balance is between the diabatic term and the mean vertical advection term. This reflects a balance between diabatic warming (cooling) and adiabatic cooling (warming) due to ascent (descent) in a local Hadley circulation. The adiabatic descent which has a warm thermal anomaly associated with it, would inhibit latent heat release and increase radiative cooling. The effect of these changes would be net cooling of the atmosphere and hence a probable increase in the strength of the descent. The key factor in the process of elevated surface temperatures seems to be this subsidence or in more general terms, the direction and magnitude of "vertical velocity". Vertical wind velocity generally being smaller in magnitude compared to horizontal winds, can not be measured by simple conventional techniques and is usually estimated using pressure-wind relationships. Such estimated vertical velocities are found to contain large errors (Holton, 1992) and are therefore seldom used for detailed analysis and studies. Direct measurements of the vertical velocities became available with the advent of UHF/VHF Wind Profiler radars. Such a UHF system is currently in operation at Pune, (18.31 • N, 73.58 • E) a tropical Indian station. Pune is an urban center located about 100 km from the coast of Arabian Sea on the west coast of peninsular India. The station altitude is 559 m above mean sea level. In a previous paper Deshpande et al. (2007) have discussed the possible relationship between the surface temperature anomaly and the depth of the atmospheric column over which subsidence occurs in the pre-monsoon month. In the present study, high spatio-temporal resolution Wind Profiler measured vertical velocities have been used to study the nature of subsidence in the lower troposphere during contrasting pre-monsoon months (March) of 2004 and 2005 which showed different patterns of surface temperatures.
Wind Profiler system and data

Wind Profiler
A 404 MHz UHF Wind Profiler/Radio Acoustic Sounding System (WP/RASS) has been in continuous operation at India Meteorological Department (IMD), Pune since June 2003. The system has typical height coverage extending from about 1 km to about 6-10 km, depending on weather conditions, with a height resolution of 300 m. The Wind Profiler has power aperture product (average) of around 2×10 5 watt m 2 . It has two off-zenith beams; East and North, and one Zenith beam setting, enabling measurements of all three components viz. zonal, meridional and vertical components of a vector wind. The return signals in radar system depend on the backscatter through Bragg scattering from turbulent fluctuations in radio refractive index in the neutral atmosphere which are caused by clear air density fluctuations and or also by Fresnel scatter (Atlas, 1990; Gage, 1980) . The mean wind at any given height carries these fluctuations/irregularities and thus the latter (and hence the backscatter signal) becomes a tracer of the mean wind velocity at that height. One set of vector wind profiles is obtained in about 6 min depending on the dwell time utilized for each radial beam measurement. Some technical specifications of the Pune Wind Profiler system are given in the Table 1 . System details inclusive of quality control procedure for data, validation of the Wind Profiler data products and comparisons with the other conventional instruments viz. Radiosonde/Rawinsonde and pilot balloon are given in Pant et al. (2005) .
Data
The radial velocity values for each beam obtained, for a given range bin, over the total observation period are passed through a process of consensus averaging as outlined by Fischer and Bolles (1981) and Barth (1995) , which helps to eliminate to a large extent the effects of transient interfering signals, outliers and random spiky noise. The radial velocities are sampled at 2 to 6 s intervals depending on system pulse repetition period, number of coherent, incoherent integrations and number of FFT (Fast Fourier Transform) points. The averaged radial velocities are then used to calculate the zonal, meridional and vertical wind velocity components of the mean wind in the hour of the observation. A vertical wind profile is thus obtained typically in five to six minutes.
In the present study, the vertical velocity data from 1.05 km The time series of observed daily maximum surface temperatures over Pune in the month of March for the above two years (2004 and 2005) is shown in Fig. 3 . The day to day variation of the climatological mean surface temperature (daily maximum) for the same station is also shown plot--( and discussed in the following sections. Other supporting data of signal-to-noise ratio from Wind Profiler, Outgoing Long wave Radiation (OLR), potential temperature etc. have also been used in the discussion. Fig. 5a , it is seen that in the morning hour i.e. at 08:00 IST, in March 2004, an upward motion of the order of 5-10 cm/s occurs in the altitude range 1 km to 3 km and a subsidence (downward) motion of the order (Fig. 3) . Again when upward motions prevailed in the 1 to 3.5 km height range, surface temperature was lower and equal to climatological mean. While in March 2005, ascending motions dominate and were extended to higher altitudes during the whole month. From 7 to14 March 2005, there is decreasing temperature trend in surface temperature when the observed vertical velocities are predominantly upward.
The daily maximum temperatures for March 2004 (shown in Fig. 3 ) are taken and daily departures from the climatological normals are first computed. During March there was a progressive increase in the incoming solar radiation due to change in solar declination. The incoming solar radiation for Pune has been computed using the formulation given by Racz and Smith (1999) . The effect of solar radiation on the variability of the temperature has been removed by fitting a straight line to the daily departures in tempera- ture and subtracting the contribution of solar radiation heating obtained through the equation of the fitted straight line. Thus the residual temperature anomalies can be attributed to be mainly due to subsidence, assuming that during this period the effects of advection are small and constant. The total depth of the column where downward motions occur in each hourly profile of vertical motions during March 2004 is computed. Since the surface maximum temperatures occur in the afternoon hours, the daily vertical profile of vertical velocity at 14:00 IST is taken to get the daily depth of subsidence. The scatter plot of temperature anomalies and depth of subsidence and the best fit line are shown in the Fig. 7 . A positive relation between temperature anomalies and depth of subsidence during March 2004 is seen providing a further evidence of the role of subsidence. Thus the current analysis shows that upward and downward motions are closely associated with the cooling and warming effects on the surface heat budget and hence on the surface temperatures. Balafoutis and Makrogiannis (2001) have also shown that large scale downward vertical velocities contributed to the observed intensive temperature rise at the surface over Greece. The upward motion mixes the air in the lowest levels, transporting heat from lower layers to upper layers and thus tries to prevent the surface temperature becoming high. Subsidence motion on the other hand inhibits this ventilating effect and heat transport, causing rise in surface temperatures. In the subsidence the air is warmed by dry adiabatic lapse rate. The atmosphere becomes stable and convection free. Absence of clouds during such occasions leads to increase in incoming solar radiation at the surface and hence the combined effect will increase the surface temperature. To support this observation further, corresponding signal-to-noise ( The sun warms the ground, and the ground in turn warms the layer of air nearest to it. As soon as a parcel of air is warmer than its surroundings, it starts trying to rise. Since the ground is not uniform, some parts are darker and/or drier and heat up faster, and some parts are moister or lighter in color. This result in blobs (parcels) of air forming, rising, and pushing other parcels out of the way. Some of those parcels end up at the ground, get warmed up, and would rise again. Such turbulent motion leads to small 'plumes' of varying shapes and sizes of rising and sinking air. Some of the rising parcels meet up with others and form larger blobs; others get torn apart by turbulence and lose their identity. The size of parcels in the surface layer is roughly proportional to their distance from the surface. The plumes converge as S. M. Deshpande and P. Ernest Raj: Structure of vertical motions in the lower troposphere over Pune they rise. By the time they reach the top of the surface layer, 100-200 m above the ground, they have joined into relatively large columns of rising air. The size of thermals in the mixed layer is roughly proportional to the boundary layer height, so the columns are a few hundred meters to as much as a couple of kilometers in diameter. Thermals are a degree or two Celsius warmer than the surrounding air, and they rise at 1-3 m per second. These thermal plumes appear as regions of enhanced return echo or SNR at VHF/UHF radio frequencies. showed the persistence of upward motion for longer time duration during morning hours which prevents the surface temperatures reaching high values and weak subsidence during afternoon hours. This is supported by observation of more frequent and organized thermal plumes extending right into the free troposphere. Surface temperature anomalies are found to be proportional to the depth of the atmospheric column over which the subsidence occurs. There are distinct episodes of advective warmings during March 2004 while March 2005 showed weak or absence of temperature advection from north to south. Hence a combination of processes like meridional transport of heat, persistent subsidence (downward vertical motion) in the lower troposphere, absence or infrequent occurrence of thermal plumes during daytime seemed to have led to the observed above normal surface temperatures akin to heat wave conditions during March 2004 over the station. Thus the high resolution Wind Profiler measured vertical velocities can be used effectively to understand the maintenance and sustenance of long spells of above normal temperatures. Meteorologists in general characterise heat wave intensity looking at large scale patterns of geopotential height or stream function and temperature at the top of boundary layer. However the response on surface variables is not always the same and there seems to be a combination of other regional scale and local factors that can contribute to extreme high surface temperatures. The present study points out that the level of subsidence is one of these.
